Introduction and hypothesis Bilateral pelvic nerve injury (BPNI) is a model of post-radical hysterectomy neuropraxia, a common sequela. This study assessed the time course of changes to detrusor autonomic innervation, smooth muscle (SM) content and cholinergic-mediated contraction post-BPNI. Methods Female Sprague-Dawley rats underwent BPNI or sham surgery and were evaluated 3, 7, 14, and 30 days post-BPNI (n = 8/group). Electrical field-stimulated (EFS) and carbachol-induced contractions were measured. Gene expression was assessed by qPCR for muscarinic receptor types 2 (M2) and 3 (M3), collagen type 1α1 and 3α1, and SM actin. Western blots measured M2 and M3 protein expression. Bladder sections were stained with Masson's trichrome for SM content and immunofluorescence staining for nerve terminals expressing vesicular acetylcholine transporter (VAChT), tyrosine hydroxylase (TH), and neuronal nitric oxide synthase (nNOS). Results Bilateral pelvic nerve injury caused larger bladders with less SM content and increased collagen type 1α1 and 3α1 gene expression. At early time points, cholinergicmediated contraction increased, whereas EFS-mediated contraction decreased and returned to baseline by 30 days. Protein and gene expression of M3 was decreased 3 and 7 days post-BPNI, whereas M2 was unchanged. TH nerve terminals surrounding the detrusor decreased in all BPNI groups, whereas VAChT and nNOS terminals decreased 14 and 30 days post-BPNI. Conclusions Bilateral pelvic nerve injury increased bladder size, impaired contractility, and decreased SM and autonomic innervation. Therapeutic strategies preventing nerve injurymediated decline in neuronal input and SM content may prevent the development of a neurogenic bladder and improve quality of life after invasive pelvic surgery.
Introduction
Hysterectomies are the most frequent non-obstetric surgical procedure performed on American women [1] . Indications include benign conditions such as endometriosis and uterine leiomyoma or malignancies such as cervical cancer, the third most common female cancer worldwide [2] . Radical hysterectomy (RH), the most invasive form of hysterectomy, is recommended treatment for early-stage cervical cancer [3] . RH includes removal of the uterus, parametrium, and upper vagina. Evaluations comparing women who have or have not undergone hysterectomy demonstrate an increased incidence of lower urinary tract dysfunction (LUTD) following the procedure [4] [5] [6] . Post-RH, women experience transient bladder dysfunction and 30-75% have long-term LUTD [7] [8] [9] . These sequelae have significant detrimental physical and psychological impacts on the quality of life [10, 11] .
Peri-operative and long-term LUTD following hysterectomy and other invasive pelvic procedures can be caused by damage or disruption of autonomic nerves innervating the pelvic viscera. Bladder compliance and storage is principally controlled through sympathetic nerves releasing norepinephrine (NE) onto β-3 adrenergic receptors of the bladder detrusor muscle, resulting in bladder relaxation, and onto α-1 adrenergic receptors of the bladder neck, resulting in smooth muscle contraction and blocked urine outflow [12] . Tyrosine hydroxylase (TH), a key enzyme catalyzing NE production, is a marker for adrenergic neurons. The parasympathetic postganglionic release of acetylcholine (ACh) onto bladder muscarinic receptors produces contraction through cholinergic muscarinic type 2 (M2) and type 3 (M3) receptors [13] . Vesicular acetylcholine transporter (VAChT) loads ACh into presynaptic vesicles for release and is a marker for cholinergic neurons. Although the main role of bladder parasympathetic innervation is contraction and micturition, postganglionic parasympathetic nerves can also contribute to bladder relaxation and filling through the release of nitric oxide (NO) via nitrergic neurons and NO production by neuronal nitric oxide synthase (nNOS) [14] .
Autonomic axons directing bladder responses branch from the pelvic plexus, lateral to the rectum, vaginal wall, and urethra, before subdividing to supply the detrusor smooth muscle wall of the bladder [14] . Extensive dissection and wide tissue margins during RH increase the likelihood that these pelvic nerves may be stretched, compressed or transected. Nervesparing RH attempts to avoid the pelvic plexus and associated nerves. Differences in outcomes between nerve-sparing and conventional RH, as measured through urodynamic studies, length of postoperative catheterization, and validated questionnaires, support the important role of these nerves in bladder function following hysterectomy [15] [16] [17] . Although nerve-sparing RH is associated with better pelvic function, not all RH is nerve-sparing because of variations in tumor invasion, patient anatomy, and surgeon skill or preference. Nerve injury is a possible outcome of RH and changes in bladder innervation, function and smooth muscle morphology following injury require further characterization.
To simulate RH neuropraxia, a nerve clock-crush technique bilaterally injures the pelvic nerves supplying the vagina and bladder in female rats. This model has previously demonstrated impaired voiding, overflow incontinence, and nonvoiding contractions [18] . The present study builds on this work by using a modified nerve clock-crush to model RH injury and assesses bladders at several post-operative time points. Based on the data from the previous study, we hypothesize that bladders from these animals might have decreased autonomic innervation and less contraction to electrical field stimulation (EFS) and muscarinic agonists [18] . To assess bladder function, detrusor contractile response to muscarinic agonist and EFS was completed. Using histological and molecular techniques, we examined detrusor smooth muscle area and bladder autonomic innervation (sympathetic, parasympathetic, and nitrergic), in addition to gene and protein expression of cholinergic receptors, alpha-smooth muscle actin (αSMA), and collagen.
Materials and methods

Experimental design
Female nonparous Sprague-Dawley rats (aged 12 weeks; n = 65) weighing 275-300 g, were housed 2 per cage with 12 h light/dark cycle and free access to water and regular chow. All animal experiments were performed ethically in accordance with Johns Hopkins University School of Medicine guidelines for animal care and use. Animals were divided into five groups (n = 13/group): sham and 3, 7, 14, and 30 days post-bilateral pelvic nerve injury (BPNI). Within each group, 8 animals were used for functional studies of bladder strips (distal half) and the remaining (remaining upper half) tissue was saved for Western blot analysis. The other 5 animals were used for histology (upper portion) and qPCR gene expression.
Bilateral pelvic nerve injury
Bilateral pelvic nerve injury was performed as previously described [18] . Briefly, under isoflurane anesthesia, a midline laparotomy was performed and the pelvic plexus was identified on the dorsolateral wall of the vagina below which the ureters enter the bladder. BPNI was induced by applying a forceps for 3 × 15 s to the pelvic nerves and the vesicogenital branches of the pelvic plexus supplying the urinary bladder, outflow region, and vagina, 2-3 mm distal to the pelvic plexus. In animals undergoing sham surgery the pelvic plexus was identified without injury.
Functional studies of isolated tissue
Rats were euthanized at 3, 7, 14, and 30 days post-BPNI by isofluorane anesthesia and thoracotomy. Vaginal smears were assessed to determine each rat's estrus phase. Shams were used with the 14-day BPNI group, which was the halfway point for all groups. Bladders were carefully removed, drained of urine, and wet weight was measured. The bladder was evenly divided in half sagittally and the upper portion was formalin-fixed and paraffin-embedded. The bottom half of the bladder was opened longitudinally and the area below where the ureters enter, including the trigone region, were discarded. Strips (approximately 2 × 10 mm) from the distal ventral and dorsal sides of the bladder body were mounted in the tissue bath (DMT 820 M, Denmark) containing a physiological salt solution (in mM: 130 NaCl, 4.7 KCl, 14.9 NaHCO 3 , 5.5 dextrose, 1.18 KH 2 PO 4 , 1.17 MgSO 4 , 1.6 CaCl 2 ) aerated with 95% O 2 and 5% CO 2 (37°C, pH 7.4). The tissue was stretched to a resting tension of 2mN and equilibrated for 45 min. High concentration potassium chloride solution (KCl; 120 mM) assessed detrusor contraction and viability. Cumulative concentration-response curves to carbachol (10 
Quantitative PCR
Real-time quantative polymerase chain reaction (qPCR) was used to determine the relative expression of collagen, smooth muscle actin, and muscarinic receptors in bladders from sham, 3, 7, 14, and 30-day BPNI rats. Frozen bladders were homogenized and total RNA purified using the RNeasy system (Qiagen, Hilden, Germany), quantified, and then reverse transcribed. Real-time qPCR was performed using the StepOnePlus system (Applied Biosystems, Foster City, CA, USA). TaqMan gene expression assays for cholinergic muscarinic receptor type 2 (chrm2) and 3 (chrm3), collagen type 1 alpha 1 (Col1a1) and 3 alpha 1 (Col3a1), smooth muscle actin (acta2), and hypoxanthine phosphoribosyltransferase 1 (hprt1) were used (Applied Biosystems). HPRT1 was unchanged in the two groups and used as an endogenous control. All experiments were performed in triplicate (n = 8/group).
Western blot analysis
Bladders from sham, 3-, 7-, 14-, and 30-day BPNI rats were homogenized in cell lysis buffer (Cell Signaling, Beverly, MA, USA), incubated on ice for 30 min, centrifuged at 16,000 g for 20 min and the lysate was used for Western blot analysis of muscarinic receptors types 2 and 3. Protein amounts were determined by the BCA kit (Pierce, Rockford, IL, USA), and equal amounts of protein (30 μg) were loaded to 4-20% Tris-HCl gel (Bio-Rad, Hercules, CA, USA). Proteins were transferred to polyvinylidene fluoride membranes and incubated with primary antibodies (muscarinic acetylcholine receptor 2 [1:500, rabbit], muscarinic acetylcholine receptor 3 [1:500, rabbit], and glyceraldehyde-3-phosphate dehydrogenase (1:2000, mouse, GAPDH); Santa Cruz Biotechnology, Santa Cruz, CA, USA) overnight at 4°C. The membranes were incubated with a horseradish peroxidase-linked secondary antibody and visualized using an enhanced chemiluminescence kit (Amersham Biosciences, Piscataway, NJ, USA). The densitometry results were normalized by GAPDH expression and quantified by using Image J Software (NIH, Bethesda, MD, USA). All results were expressed relative to sham values.
Histology
Bladders fixed in 10% formalin and embedded in paraffin were cut into 6-μm sections and deparaffinized. Antigen retrieval was performed using a modified citrate buffer (Target Retrieval Solution; Dako, Carpinteria, CA, USA) and endogenous peroxidases were quenched (Dual Endogenous Enzyme Block; Dako). Nonspecific background staining was inhibited through a protein blocker (Protein Block, Serum Free; Dako). Primary antibodies for alpha-smooth muscle actin (1:500; rabbit: Abcam, Cambridge, MA, USA, or mouse: Sigma) and one of three markers of interest for nerve terminals TH (1:250; rabbit: EMD Millipore, Billerica, MA, USA), nNOS or VAChT (1:50; mouse: 1:200; rabbit; Santa Cruz, Dallas, TX, USA) were incubated overnight at 4°C. Species-appropriate fluorescing secondary antibodies (Alexa Fluor 488, Alexa Fluor 594; Invitrogen, Carlsbad, CA, USA) were applied and incubated for 60 min at room temperature. Slides were cover-slipped with mounting medium containing 4,6-diamidino-2-phenylindole (DAPI; Vector Laboratories, Burlingame, CA, USA). Fluorescent images were obtained of four separate areas within each bladder cross-section using an Olympus IMT-2 fluorescent microscope and Spot digital camera system (Diagnostic Instruments, Sterling Heights, MI, USA). Two persons, blinded to the experimental groups, counted individual positive nerve terminals for the antibody of interest within the smooth muscle layer stained with alphasmooth muscle actin in each 20× detrusor images. The number of positive nerve terminals from the four bladder images was averaged to reach the number of nerve terminals for each bladder.
Additional sections were stained using Masson's trichrome and photographed using Olympus microscope. Image J software was used to measure smooth muscle area. The smooth muscle area was quantified and presented as a ratio of smooth muscle area to total bladder surface area for each section.
Statistical analysis
Data were expressed as mean ± standard error of the mean (SEM) or standard deviation ,as appropriate. Groups were compared using one-way analysis of variance (ANOVA) and Dunnett's multiple comparison post hoc test. For western blots, we used a modified t test to compare the experimental groups with the normalized control ratio. P value of <0.05 were used as criteria for statistical significance (Graph Pad Prism 5.0).
Results
Animals
There was no significant difference in body weight between groups (Table 1) . Whole bladder weight was markedly increased in all rats following nerve injury (Table 1) . A significant increase in the percentage of bladder to body weight ratio was evident at 3, 7, and 14 days post-BPNI (Table 1) . Representative immunofluorescent images are provided in the Supplementary material.
Functional studies of isolated bladder tissue
Detrusor contractions to increasing carbachol concentrations were significantly increased 3 and 7 days after injury (p = 0.0013, Fig. 1a ) and the EC50 was decreased at 3, 7, and 30 days (Fig. 1a inset) . When compared with sham, contraction to EFS was significantly decreased 7 days post-BPNI (p = 0.0481), with other time points showing a slight decrease in contraction (Fig. 1b) .
Analysis of bladder smooth muscle and collagen content
Representative images illustrate the marked changes in bladder morphology following BPNI (Fig. 2a) . Overall, the bladder detrusor layer appears to be disorganized with less smooth muscle and increased collagen deposition. Quantification of detrusor cross-sectional smooth muscle area confirmed a significantly reduced smooth muscle area post-BPNI across all groups (p = 0.0001, Fig. 2b ). Gene expression of smooth muscle actin declined significantly, 3 days following injury (p = 0.042, Fig. 2c) . BPNI led to an increase in the gene expression collagen type 1α1 (p = 0.0044, Fig. 2d ) 7 days post- Fig. 2e ) expression showed a temporal increase at early time points, with a significant peak at 7 days post-BPNI.
Protein and gene expression of muscarinic receptors
Western blot analyses showed a decrease in the quantity of cholinergic muscarinic type 2 receptors (CHMR2) across all time points following pelvic nerve injury (p = 0.0210, Fig. 3a) . Cholinergic muscarinic receptor type 3 was 50% lower than control values at 3 days post-BPNI and gradually increased to higher values than controls by 30 days post-BPNI (p = 0.0480, Fig. 3b) . Although not significant, the relative mRNA expression of CHRM2 was slightly elevated following BPNI (p = 0.7460, Fig. 3c ). Gene expression of CHRM3 was lower at all time points following injury compared with sham and was significant 3 and 30 days post-BPNI (p = 0.0431, Fig. 3d ).
Nitrergic, adrenergic and cholinergic innervations
All post-BPNI bladders showed significantly fewer TH nerve terminals around detrusor smooth muscle compared to sham bladders (p = 0.0019, Fig. 4a ). VAChT-positive nerves did not significantly change in the week following BPNI, but significantly decreased at later injured time points (p = 0.0180, Fig. 4b ). Nerve terminals expressing nNOS declined in all BPNI bladders and were significantly lower 14 and 30 days post-injury (p = 0.0471, Fig. 4c ).
Discussion
This study characterized bladder function, morphology, and innervation following pelvic nerve injury in female rats. BPNI increased relative bladder weight and types I and III collagen gene expression. Detrusor smooth muscle area and smooth muscle actin gene expression were decreased following injury. These structural changes increased markers of fibrosis and decreased detrusor smooth muscle content. Functional data revealed greater contraction to cholinergic agonist and decreased contraction to EFS in the week following injury. Nerve terminals positive for nNOS and TH were decreased across all time points, whereas VAChT nerve terminals were slightly elevated at 3 days and decreased at later time points. These findings may explain the mix of impaired filling, storage and voiding function seen in patients following RH as nerves controlling bladder relaxation and contraction are affected [19] . One month post-BPNI, the bladder's contractile Fig. 2 Analysis of bladder smooth muscle and collagen content following BPNI. a Representative bladder crosssections stained with Masson's trichrome. b Smooth muscle area of the bladder was quantified with Image J as a percentage of the whole bladder cross-sectional area. c The gene expression of the whole bladder smooth muscle actin was lower in 3-day BPNI rats and the relative expression of collagen type 1α1 d and 3α1 e was increased 7 days post-BPNI. Values are presented as mean ± standard error of the mean (n = 5 animals/group). *p < 0.05 vs sham response to a muscarinic agonist or muscarinic neurotransmitter release had returned to sham levels. This response may be the result of a compensatory increase in M3 receptors and improved function of nerve terminal release in the remaining lower number of automatic nerve terminals present. Furthermore, the morphology did not recover, leaving the bladder at an increased susceptibility to additional dysfunction with age.
Cholinergic contractile responses were increased at our early time points, similar to those demonstrated in a BPNI 10-day group in a previous study [18] . Interestingly, the significant decrease in M3 receptor protein and gene expression following BPNI conflicts with the increased contractile response to carbachol at 3 and 7 days post-injury. Detrusor M3 receptors are considered the primary mediators of contraction in healthy bladders [14] . These findings may be explained by the lack of significant change in the gene and protein expression of M2 receptors. Normally, M2 receptors enhance contraction by inhibiting relaxation, but in other rat models of neurogenic bladders and in human spinal cord injury the dominant contractile force switched from M3 to M2 receptor-mediated contraction [20] [21] [22] . A comparable switch following BPNI may explain increased carbachol contractile response during periods of decreased M3 receptor expression. In contrast, a male rat model of cavernous nerve crush injury found increased M2 and no change in M3 protein expression at 1, 2, and 4 weeks post-crush [23] . Further studies are required to elucidate the role of M2 versus M3 receptor following BPNI. The role of other signaling pathways in the bladder should also be assessed in this RH model, as changes to purinergic signaling or downstream pathways such as rho-kinase may also lead to increased contraction early post-injury [23, 24] . Overall, it appears that the bladder is compensating for the decreased innervation caused by nerve injury by increasing its ability to contract to a cholinergic agonist in order to maintain the ability to void.
The detrusor's response to EFS-mediated contraction paralleled previous findings, revealing decreased contraction to midrange and high frequencies at early time points following BPNI [18] . Contraction at later time points successively increased to closely approximate sham contraction by 30 days post-nerve crush. In male rats, decreased detrusor contraction to both low and high frequency EFS was evident 1, 2 and 4 weeks post-injury [23] . These findings suggest a decline in available bladder cholinergic nerve activation following BPNI, which is also supported by the decrease in markers specific to cholinergic nerve terminals 7-30 days following BPNI. The nerve terminal data parallel previous studies showing decreased VAChT expression in bladder wall and pelvic plexus 10 days post-injury [18] . Additionally, in male rats undergoing cavernous nerve injury VAChT gene expression was transient in the major pelvic ganglia, as it initially decreased early (2, 7 days) and at late time points (30, 60 days) following injury [25] . In this study, at 14 and 30 days following injury there were also significant declines in nNOS and adrenergic (TH positive) nerve terminals. This decreased innervation related to relaxation and bladder filling may contribute to impaired bladder function through an imbalance of contractile and inhibitory inputs.
Following BPNI, the bladder to body weight ratio was increased at 3, 7, and 14 day time points. Additionally, an increase in gene expression of collagen type I and III was observed while smooth muscle content decreased. Changes toward a fibrotic bladder morphology are commonly observed in models of bladder dysfunction, such as spinal cord injury, bladder outlet obstruction, or diabetes [26] . Importantly, by 30 days, bladder contraction appears to return to sham levels, even though decreased neuronal input, loss of smooth muscle content, and increased bladder fibrosis persist. Similar changes in neuronal input are evident in the male model of cavernous nerve injury, in which nNOS and VAChT gene expression are much lower than sham animals, but erectile function is regained and the penis remains fibrotic [25] . We believe that the neuronal connections that remain intact after injury are fewer, but much more functional and allow the end organ to operate normally. Although these compensations allow the bladder to function in the short-term, the neuronal and structural changes predispose bladders to dysfunction, with additional insults, injuries, or aging. Of note, all animals assessed in the present study were young, hormonally intact females who may benefit from the neuroprotective effects of estrogen [27] . Examining the impact of this RH-induced neuropraxia model in ovariectomized and/or aged animals would likely yield further impaired bladder function and increased fibrosis and smooth muscle loss [27] .
There were several limitations to this study. Cystometry to compare in vivo bladder dysfunction with changes in contractile response in isolated tissue were not done, but would provide a practical understanding of the effects of neuropraxia. The previous study modeling RH nerve injury demonstrated increased nonvoiding contractions and overflow incontinence at 10 days post-BPNI [18] . The origin of bladder dysfunction may be more central than the peripheral nerves investigated in this study; however, changes in the control of bladder function above the pelvic plexus were not studied. The role of urothelial dysfunction was not addressed in this study, but future investigations into urothelial changes following nerve injury may provide additional understanding of LUTD. Future studies should also assess the specific contractile responses via M3 versus M2 receptors and Western blot data should be confirmed by total protein loading. Furthermore, functional bladder relaxation to adrenergic and NANC components was not assessed. Lastly, the purinergic contribution to bladder contraction was not assessed in this study.
Conclusions
A rat model of neuropraxia resulted in a bladder with decreased innervation and EFS nerve-mediated contraction, but increased cholinergic-mediated contraction. Nerve injury also increased markers of fibrosis and decreased smooth muscle content leading to a stiff and less compliant bladder. These data demonstrate that 1-2 weeks following injury is a critical time in which functional deficits, alterations to tissue structure and innervation occur and these pathological changes can persist up to 30 days after the initial injury. These findings support the use of this rat model to investigate the mechanisms Fig. 4 Time course of the change in detrusor nerve endings following BPNI. The number of a sympathetic (TH, b parasympathetic (VAChT), and c nitrergic (nNOS) neurons were counted by two blinded observers for four different sections of the bladder. Each bar represents mean ± SEM (n = 3-5/group). *p < 0.05 vs sham and therapies related to bladder dysfunction following invasive pelvic surgeries such as RH.
